The potassium-dependent aldehyde dehydrogenase (EC 1.2.1.3), from yeast is markedly altered by the addition of high concentrations of glycerol or other polyhydric alcohols to aqueous buffers. Several lines of evidence suggest that the three-dimensional structure near the active site is involved: (i) The stability of the enzyme when stored at 20, or when subjected to repeated freezing and thawing, depends upon the presence of at least 30% (v/v) The ability of glycerol and other polyhydric alcohols to confer stability on highly organized biological materials is a widely recognized phenomenon. Experimental evidence on the nature of these effects, however, is sparse, and the postulates of mechanism remain in the realm of speculation (1-4). Since potassium-dependent aldehyde dehydrogenase (EC 1.2:1.3) from yeast requires a polyhydric alcohol to prevent inactivation (5) and, since information is available on the binding of two substrates and one product to its two active sites (6, 7), the enzyme appeared suitable for a more detailed examination of the stabilizing influence of glycerol. Furthermore, the effect of glycerol on the dissociation and association of the four apparently identical subunits of aldehyde dehydrogenase has been evaluated (8). Consequently, it is possible to identify small perturbations affecting the integrity of the enzyme without interference from gross alterations in subunit structure.
duced by polyhydric alcohols in which sulfhydryl groups near the DPN-binding site are displaced to a more protected environment, where their reactivity is reduced. Since the stabilizing effects of such alcohols are frequently encountered, these results may have application to other enzymes.
The ability of glycerol and other polyhydric alcohols to confer stability on highly organized biological materials is a widely recognized phenomenon. Experimental evidence on the nature of these effects, however, is sparse, and the postulates of mechanism remain in the realm of speculation (1) (2) (3) (4) . Since potassium-dependent aldehyde dehydrogenase (EC 1.2:1.3) from yeast requires a polyhydric alcohol to prevent inactivation (5) and, since information is available on the binding of two substrates and one product to its two active sites (6, 7), the enzyme appeared suitable for a more detailed examination of the stabilizing influence of glycerol. Furthermore, the effect of glycerol on the dissociation and association of the four apparently identical subunits of aldehyde dehydrogenase has been evaluated (8) . Consequently, it is possible to identify small perturbations affecting the integrity of the enzyme without interference from gross alterations in subunit structure.
MATERIALS AND METHODS
Aldehyde dehydrogenase A was prepared from baker's yeast in the presence of diisopropylfluorophosphate (9) . Enzymatic activity was determined by measurement of the rate of formation of DPNH at 340 nm in either 0.1 M Tris-chloride buffer at pH 8.0, containing 0.6 mM benzaldehyde, 1.4 mM DPN, 0.2 M KCl, and 5 mM 2-mercaptoethanol (6) (9), sucrose (E), and ethylene glycol (U). The concentration of mannitol was limited by the relatively low solubility Of the compound at low temperature.
enzymes with 10% ClCCOOH. After the precipitate was washed twice with 10% ChCCOOH and 20,g of unlabeled carboxymethylglutathione was added, the mixture was hydrolyzed for 24 hr in 6 N HC1. The components of the hydrolyzate were separated on a Beckman model 120 C aminoacid analyzer with water substituted for the ninhydrin solution. The effluent was collected in a fraction collector and assayed for radioactivity (10); reaction with ninhydrin (11) was performed manually.
RESULTS

Stability studies
In the absence of a polyhydric alcohol, yeast aldehyde dehydrogenase undergoes irreversible denaturation, despite the presence of components otherwise conducive to stability (8, 12) . Thus, incubation of the enzyme at 2°in the presence of 50 mnM mercaptoethanol-0.1 M KC1-0.1 M Tris-chloride (pH 8.0) leads to a large loss in catalytic activity over 1 day. This loss can be entirely prevented by inclusion of one of several polyhydric alcohols in the-storage solution. The addition of any one of several such alcohols at an appropriate (14) . concentration protects the enzyme from inactivation as shown in Fig. 1 . Three of the compounds tested-glycerol, sucrose, and ethylene glycol-appear to be equally effective, each at a different, optimal concentration. The fourth compound, mannitol, is also active in stabilization, although it is limited in application by its relatively low solubility at low temperatures.
Equally dramatic stabilization was attained when the enzyme was subjected to repeated freezing in an acetone-dry ice bath, followed by rapid thawing. Only 9% of the initial enzyme activity was retained after five cycles of freezing and thawing during the course of 1 hr. However, in the presence of either 30% glycerol (v/v) or 50% sucrose (w/v), recovery of enzyme activity was 100%. 30% Glycerol was selected as the stabilizing agent for this enzyme because of its relative ease in handling.
Dissociation and Michaelis constants for substrates
Under the usual conditions of assay, i.e., in the absence of glycerol and other polyhydric alcohols, the experimentally obtained Michaelis constant is, in fact, the dissociation constant for benzaldehyde; K, for this substrate is 10 MM (6).
In the presence of glycerol, the Km obtained for benzaldehyde, 1 MM, is an order of magnitude lower than when K, is measured under standard assay conditions. The Km for DPN is not as sensitive to this change in medium; the value in glycerol, 10 1MM, is one-third of that obtained in its absence. The Km for DPN and benzaldehyde, as well as the Ki for an inhibitor, arsenite, are insensitive to pH in the range 6.5-9.0.
Comparison of inhibitor dissociation constants
The dissociation constant was determined for several inhibitors, including DPNH as a product of the catalytic reaction, and two trivalent arsenicals, sodium arsenite and Mapharsen. t These arsenicals inhibit aldehyde dehydrogenases by binding to two closely juxtaposed sulfhydryl groups at the active site (12, 13 A second approach involves modification of the sulfhydrylgroups of the enzyme. Because inactivation of the dehy-drogenase by iodoacetate is strongly pH-dependent, i.e., a 20-fold difference in pseudo first-order rate constant is observed between pH 6.5 and 8.7, the effect of glycerol on the alkylation was studied at the more sensitive, higher pH. Fig. 2 summarizes a series of experiments in which the effect of substrates and inhibitors on the kinetics of inactivation by iodoacetate was determined in both solvent systems. The first-order rate constants clearly fall into two classes, which depend entirely upon whether glycerol is present (Fig. 2B) or absent (Fig. 2A) . Without glycerol, the enzyme is rapidly inactivated. Sodium arsenite protects the enzyme, DPNH protects to a lesser extent and, in the presence of both DPNH and benzaldehyde, the rate is identical with that in the presence of arsenite. Benzaldehyde alone increases the susceptibility of the enzyme to alkylation by iodoacetate. These data suggest that the inactivation reaction is sensitive to active site-related phenomena. In the presence of glycerol, inactivation by iodoacetate is slow. Moreover, the effects produced in glycerol by substrate, product, and inhibitor are qualitatively different. A mixture of DPNH and benzaldehyde protects the enzyme from inactivation by iodoacetate, much as it does in the absence of glycerol, and benzaldehyde increases the inactivation rate. However, arsenite and DPNH are ineffective in protecting against alkylation in the presence of glycerol.
Two assumptions are implicit: that alkylation of cysteine residues is responsible for loss in catalytic activity; and that the rate of reaction of iodoacetate is not per se affected by glycerol. Both assumptions were tested. Aminoacid analysis subsequent to alkylation of the dehydrogenase with highly labeled iodoacetate revealed that 82% of the radioactive residues cochromatographed with S-carboxymethylcysteine, and 12% with carboxymethylmercaptoethanol, the latter an artifact of the procedure resulting from carboxymethylation of 2-mercaptoethanol. The second control was designed to test the effect of glycerol on the reaction rate of iodoacetate with sulfhydryl groups in a simple model system. The compound chosen was 5-thio-2-nitrobenzoic acid, prepared by treatment of 5,5'-dithiobis (2-nitrobenzoate) with less than stoichiometric amounts of mercaptoethanol. The reaction rates with iodoacetate were the same regardless of whether or not glycerol was present.
Reaction of radioactive iodoacetate with dehydrogenase
Aldehyde dehydrogenase has twelve sulfhydryl groups, six to eight of which can be readily titrated with 5,5'-dithiobis (2-nitrobenzoate) (9) . The multiplicity of these groups and the different environments that they occupy introduce ambiguities into the interpretation of alkylation experiments. These interpretative difficulties can be minimized by determination of the number of sulfhydryl groups that have reacted in a sample in which the loss of enzymatic activity can be measured. Toward this end, the enzyme was treated with radioactive iodoacetate.
The results indicate that the loss of enzymatic activity is, within the error of such experiments, a function of the number of alkylated sulfhydryl groups, both in the presence and the absence of glycerol ( would complicate quantitative interpretation. Nevertheless, the data confirm the results of Fig. 2 by directly demonstrating that fewer sulfhydryl groups react with iodoacetate when glycerol is added to the reaction medium. Table 2 also shows that mannitol, like glycerol, protects the enzyme from carboxymethylation.
A separate experiment revealed that the amount of radioactivity incorporated into protein was directly proportional to enzyme concentration. 
